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ABSTRACT

The primary aim of the efforts reported herein was verification of basic methods
which are to bLe used in cataloging elastomer dynamic properties (stiffness and
damping) in terms of viscoelastic model constants. These constants may then be
used to predi~t dvnamic properties for peneral elastomer shapes and operating
conditions, thereby permitting optimum application of elastomers as energy abh-
sorption and/or energy storage devices in the control of vibrations in a broad

variety of applications.

The efforts reported herein involved a (1) literature search; (2) the design,
fabrication and use of a test rig for obtaining elastomer dvnamic test data over

a wide range of frequencies, amplitudes, and preloads; and (3) the reduction of

the test data, by means of a selected thrie-element elastomer model and specialized

curve fitting techniques, to material properties.

Material constants thus obtained have beer used to calculat: stiriness and damping
for ccemparison with measured test data. These comparisons sre excellent for a
number of test conditions and only fair tc poor for others. The resuiits confirm
the validity of the basic approach of the overall program and the mechanics of the

cataloging procedure, and at the same time suggest arcas in which refinements
should be made.
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STMMARY

The objectives of this program are to catalog =lastomer dynamic properties (stiff
ness end damping} In terms of viscoelastic model constants and to establish
practical, designer-orientzd procedires whereby these constants may be used to
predict the dynamic properties for othar =lsstomer shapes and oparsting condi-
tions. Achievement of these objectives will permit the application of elastomers,
on a firm engineering basis, as en2rgy storage and/or en2rgy dissipation devices

for the control of vibrations in a broad varic:y of applications.

The work rzported herein wis undartsken to varify the basic methods for obtaining
the viscoelastic model constants for elastomsars In =115 work, 3 survey of pub-
lished litersturz was performed. This survey indicated thst basic elastomer
dynamic property data is rather sparse in terms of the parametar ranges coveraed.
On the other hand, large volumes of test dats are available for spacific elastomer
devices. Viscoelsstic analytical procedures for predicting dynamic properties for
gen.ral elastomer shapes and operating conditions are not found in tha literature
because of the level uf difficulty of obtsining genzrsl solution: to the govarning

equations.

No test appsaratus was available for obtaining, over the range of frejusncies.
amplitudas, and preloads expacted to Sz 2nzountersd 1in typical 2nginezering appli-
cations, elastomer dynsmic test data which could b2 used tc generate ths material
constant3a. Consequertly, a teast rig which utflizes the base-excitation, rescnant-
mass approach was designad, built, and successfully used to chtain tost data.

This test rig is able to perform uniaxial tests on =lastomer samples of a variaty
of sizecs and shspes (tes*t speciman zavity is a cylinder 5 in, (12.7 :n) high by 5 1
(12.7 cm) in diameter} ovar i fraquiency rang: from about 20-30 Hz to over 1000 :le.
Variable resonance mass, which msy be selected to match test elastomer propertias,
permsts tests at virteally any ressonsbl: dynamic amplitude at the resonance
points, with correspondingly loweyr amplitudes at off-resonsanca conditions. Test
amplitudes are limited primarily by elastomer properties (and of course shaker
power) rather than by the test rig itself. The test rig, which may be driven by

any chaker, paermits vibration tests to be conducted with force preloads of up to
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4100 pounds (18,200 n) applied to the test specimens. and can be readily adapted

for constant temperature tests up to about 400°F (205°C).

During the conduct of the work reported herein, tests were conducted on urethane
and neoprene elastomer samples in the compression, shear, and combincd compres-
sion/shear modes. Each sample was composed of two parallel-mounted civcular
discs, each two inches (5 ¢m) in diameter by one-half-inch (1.27 cm) high. Tests
were conducted at room temperature at a number of frequencies bztwcen about 25
and 1000 Hz, at amplitudes of up to 0.005 inch (0.127 mm) (peak-to-pecak), and
with compressive preloads of zero, five percent, and ten percent of free length.

Elastomer and elastomer mount temperaturss were recorded during the tests.

Measured amplitudes and phase angles obtained during the tests were used to cal-
culate complex compliances ac the test poincs. This data was then processed via
curve-fitting and a selected three-element elastomer analytical model, to obtain
the viscoelastic model constants. Through the use of these constants, measured

test data could be reproduced, anslytically, over wide frequency ranges for a

number of test configurations.

It 1s concluded that the results obtained confirm the validity of the basic
approach of the program and the machanics of cataloging viscoelastic model con-
starts. Immediate attention may therefore be turned to: (1) refining the test

rig and measurement system, including the addition of the capability of performing
tonstant-temperature tests over a range of temperature levels; (2) evaluation of
several other potentially useful elastomer analytical models; and (3) performance
of elastomer dynamic tests at controlled temperatures. Final program efforts
should then be directed at: (1) developing and verifying through tests, practical,
designer-oricnted methods for calculating elastomer dynamic properties for general

shapes and operacing conditions using the viscoelastic model constants; and (2)

development of catalogs of viscoelastic model constants for commonly-used elastomers.

It may also prove beneficial to reduce the number of groups of viscoelastic model
constants which must be cataloged through development of functional relationships

with operating parameters (e.g., temperature) or through corresponding increases
in the number of viscoelastic model constants.
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INTRODUCTION

Gencral Backpround

Accurate knowledge of elastomer dynamic properties (stiffness and damping) is
becoming increasingly impoitant as elastomers sre considered for use in increas-
ingly difficult applications. Many such applications are costly to design and
build, and rely heavily upon the properties of the elastomer elements. For in-
stance, machinery rotors are being designed for higher end higher operating
speeds, and are becoming lighter and more slender as engine weights and sizes
decrease. The major result of these trends is that rotor operation is increas-
ingly at speeds which lie sbove one or more rotor-bearing bending critical speeds.
While good balancing 1s the key to overall good rotor behavior under such condi-
tions, energy removal, via the use of materials such as elastomers, 1s required
for control of vibration amplitudes in the vicinity of the critical speeds.

Critical speeds may also be modified at the same time by the stiffness properties

of the elastomer.

A further example of the need for well-understood elastomer dynamic properties is
that associated with the control of vibrations in povwer-transmission shafting,
typified by helicopter main rotvor synchronization and tail-rotor drive shafts.

In both of these csses, the shaft operating speeds would be above many bending
critical speeds if the shafts could be supported by a single bearing at each end,
incorporating elastomer damping elements. While the dynamic performance of such
advanced designs cannot now be »redicted analytically or optimized during design,
their ultimate achievement would mean significant reductions in numbers of bearings,
with accompanying savings in system cost and weight, and certainly increased re-
liability. Availability of practical and effective elastomer damper designs for
use in vibration energy removal, together with a practical and effective shaft

balancing procedure, will greatly assist designers in progressing toward this
goal.

In addition to these examples, which are concerned primarily with rotating machine-
ry, there are many other elastomer applications in which specified dynamic prop-
erties may be required. These include for example: structural dampers, for use

in reducing either stress levels for fatigue life purposes or amplitude levels

for noise and comfort considerations; isolators, for use in packaging or in

“3a

Wbt e s 0



PARRt

e g o g,

separating fragile cquipment from harmful vibration or shock environments; and
sandwich constructions in which the elastomer elcment may replace oscillatory-

amotion bearings. There are, of course, many additional applications.

In the above examples, effective and efficient design of the mechanical systems
requires that the elast.mer dynamic properties be available to the designer in
analytical form such that he can select or design the proper elastomer configura-

tion required in the particular application.

Program Objectives

Certain clastomer properties, such as bondability, resistance to abrasion and
impact, and chemical reaction to various environments, are generally well under-
stood with regard to engineering uses of elastomers. On the other hand, the
capability does not pre‘ently exist for analytically designing an elastomer ele-
ment to provide stiffness and damping which is of the accuracy required in many
applications. Development of practical, designer-oriented techniques sufficient

for this purpose is the major objective of this prograu.

Although dynaxnic properties of sample elastomers may be found in various polymer
and rubber journals in the literature, this data is somewhat sparse in that the
desired properties are not aiways readily available to me:hanical designers for
the particular configuration, size, or operating condition desired. This is be-
cause of the cxtveme variability of the dynamic properties with many of the design
parameters, such as geometric configuration, loading, vibration frequency and
tenperature. Furthermore, existing elastomer test apparatuscs are gencrally not
fully suited for tecsting over all desired parameter combinations, particularly
at high frequencies and amplitudes. Moreover, at the present time there is
apparently no technical body, or combination of technical bodies charged with
the generation and publication, in useful engineering form, of elastomer dynawic

property data for newer elastomers on a standard basis.

In current engineering practice, a trial-and-error approach to the design of
elastomer elements is often ta'en. This approach commonly involves best estimates
based on other designs, and often the building of a demonstration installation

using several candidate elastomers in various configurations. Although such a
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trial-and-error process often gives useful results, these mday be costly and time-
consuming to obtain, and may not alweys be the optimum design in each application.
Successful and economically feasible use of elastomers in future engineering
applications will require that elastomer dynamics technolugy be readily avail-
able Jn a form which i5 practical and readily usable. Achievement of this result
is the ultimate goal of the present program, of which the eiforts reported herveln

are an integral part.

Engineerirng Confipurations of Elastomers

A great deal of published clastomer dynamic property data (stiffness and damping)
has been obtained through tests of elastomer samples in the configurations shown

below:

7777 /777
(a) (b)

Configuration (a) is most appropriate for obtaining compression-tension data,

while (b} is most appropriate for obtaining shecr data.

On the other hand, elastomers are often used in engineering applications in rota-

ting machinery hardware in the following configurations:

2
(c) (d)

Cenfiguration (c) is often used in conjunction with bearing supports or in a dis-
tributed damping configuration, with loading along & dfameter of the elastomer
cylinder (the 2-2 axis). Configuration (d) {s often used 1n power-transmission

shaft dampers, mounted external to the shaft, with one face of the elastomer disc
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fixed and shear loading applied along the other face (the 1-1 axls). Loading of
configuratfon (d) along the 2-2 axis is also common in {solator applications of
elastomers. 1In all cas:s, the application dynamic conditions involve gcnerally
more complex shapes, stresses, amplitudes, and temperature distributions than
those existing {n test samples such as (a) and {(b) from which mecasured dynamic
Properties were obtained. Relating the two sets of configurations has proven to
be an extremely difficule task, and one which has not yet been satisfactorily

solved on a practical, tngineering level.

Ou the one hand, the applied mechanicien may advocate a purely analytical treat-
ment of the problem, based upon viscoelasticity theory. This approach, while

most rigorous may become bogged down in details of stress distribution and those
resulting difficulties associated with relating stresses to overall body dynamic
behavior by integration of unit velume dyramic properties throughout the elastomer
body. While this approach has not yet reached the design-engincer level of

practicality, it possesses the greatest long-term potential.

On the other hand, the elastomer user who must cope with existing vibration prob-
lems without benefit of detailed viscoelastic theory has resorted to the expedient
of measuring stiffness and damping of particular elastomers as functions of all
pertinent parameters. Unfortunately, there are many such patramoters, and while
the catalog of dynamiq properties thus obtained becomes almost endless, it never

seems Lo contain data immediately applicable to tle particular application at hand.

Wiat is rcquired, and what has in fact been undertaken in the program described
herein, i{s the development of an elastomer dynamics technology bridge between these
two extreme positions. This bridge accounts for the variability of the dynamiz
properties with design and operating parameters on the one hand, and contains

within it the mecharisms for moving toward the rigorous viscoelasticity solution
in the future.

Basic viscoelastic model constants were selected as quantifiable entities which
could be obtained through simple tests and cataloged for ranges of operating
pdrameters. These constants will be shown to be invariant with respect to fre-

quency. However, they do depend on parameters such as temperature, preload and
elastomer configuration.
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Tuis report describes efforts directed at the verification of methods selected
for obtaining the elastomer viscoelastic model constants. These efforts involved
cxperimental measurement of clastomer dynamic characteristics through tests of
elastomer samples of various configurations, the calculation of the viscoelastic
model constants from these dynamic properties, and comparisons betweoen measured
dynamic characteristics and those calculated using the derived viscoelastic model

constants.

In the program, a test rig was designed, fabricated and assembled for testing
clastomer specimens in order to obtain their mechanical dynamic properties.

This elastomer test rig, which is described in detail in a later section, uti-
lizes the base-excitation resonance-mass approach and was designed to be mounted
on an electrodynamic shaker which providas the input oscillations. The elastomer
specimens tested were epoxied to a steel plate which was secured to the shake
table. To the other side of the elastomar was epoxied a holder to which a
resonant mass was attached. The size of this resonant mass was adjustable, and
was selected based upon the frequency range at which the data were to be taken.
Generally, data were taken at frequencies somewhat higher than the natural fre-
quency of the elastomer-resonance mass system. The resonant mass was variable
between a minimum of 1.7 pounds (0,77 kg) and a maximum of approximately 485
pounds (220 kg). Force prelcad on elastomer specimens could be changed as
desired by adjusting air pressure in loading cylinders on the test rig. Test
amplitudes were limited only by elastomer failure limits (and shaker power)

rather than by the test rig itself.

Two elastomers, urethane and neoprene, were selected for test from among the

many available. Six (6) samples, each composed of two discs 2 in. (5 cm) in
diameter and 0.50 ia. {1.27 cm) thick, were prepared and tested. These samples

are denoted {n following sections as the urethane compression sample, the urethane
shear sample, the urethane compression/shesr combination sample, the neoprene
compression sample, the neoprene shear sample, and the neoprene compression/shear
combination cample. Tests were performed over the frejuency range of about 20-

30 to 1000 Hz, with force preloads which produced compression of zero, five per-
cent and ten percent of free length, and with peak-to-peak amplitudes up to 0.005
in. (0.127 mm). Much higher vibration amplitudes were spplied during preliminzry
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testing of the urethane compression-tension sample. These amplitudes, on the
order of 0.015 to 0.020 in. (0.3 mm to 0.5 mm ) peak-to-peak at up to 1000 Hz,

resulted in extreme temperaturc gradients within the samples, and rapid sample :
failure. ‘

At each of approximately 570 data points, vibration amplitudes and phase angles .
were recorded. From this data, elastomer stiffness and damping cocfficibnts, and .

]
finally the complex compliance functions, were calculated. - The complex compliance 3

functions were thus obtained for all test samples (except of course Lhe urethane

compression sample which failed), and were plotted versus frequency with force
preload and vibration amplitude as paramecters. Good complex compliance data

(smooth curves and reasonable trends) were obtained for the urethane and neoprene

jp—

shear samples, and for the neoprene compression sample. The complex compliance
functions for both urethane and neoprene combined compression/shear samples, f}
however, showed considerable and apparently iInconsistent variations with fre-

quency over portions of the frequency range of interest. While some of this

data, particularly in the frequency range betwean about 100-200 Hz and 500-600 ;l
Hz, appear satisfactory, the functions were nst considered to be complete enough .
for use in determining the viscoelastic model constants which are valid for the i
entire frequency range. Consequently, further reduction and curve fitting to

obtain material property constants was not performed for these two sets of data. F}
The viscoelastic model constants were obtained by curve-fitting the experi- fI

mental daia for the urethane and neoprene shear samples, and for the neoprere

compression sample by means of a three-element viscoelastic model., Satisfactory
correlation hetween measured complex compliance functions and those calculated -
using the derived viscoelastic model constants was obtained over the entire fre-
quency renge for many of the reduced data cases, while less satisfactory correla-

tion (in the case of the dissipation function) was obtained in other caces.

.-

-8-

i

' - oy 5 e T ik e B T ki s e s
: - 5 o T R R RIS G R e AT I AT 9 e il ) Ak T 1 ek 4 SR L T £ T -
LD BT AR B B e e e S IR T e TR A R 0 F ] 3 >

PRI SR

IR R P T

e



4 [y ) m

...-.,.

p—y

i

I .
. .
- K

¥
il

! :
- I
s
Tooorn
. , i
AU

' 1
R
£ ; g

B s LT S HERES R

LITERATURE SEARCY

A considerable amount of research work has been done on clastomers at both the
basic and applicd levels, resulting in many papers and publications, and several
textbooks. This work ranges from studies of the effects of elastomer composition
and rmanufactuving procedures on propertics. to development of several vivieties
of test rigs for experimentally determining the properties of various sample
shapes and configurations under a number of nperating conditions, and to develop-
ment and proof-testing of elastomer componnts for enginzering ucze {n specific
problem situations. 1In order that maximum sttenticn might k2 paid ro previously
published work, and that existing exparienze be brought to the program wherever
possible and appropriate, an effort was undertaken at thz starrt of tha herein-

reported efforts to survey the existing literatare

Further, efforts were made to identify, through use of NASA and other information
retrincval systems, other recent and current Sovernment- zupp ieted elastomer dynam-
ics research efforts. This portion of the literature sarve: led thus Lo conticts
with, among others, personnel of tha Strength and Dynamics “ranch, Metals and
Ceramics Division, Air Force Materiels Latoratory (4FSC), W-ight-Patterson Afr
Force Base, Ohio, who are concerned with ~he use of clastom-r materials for the
contrel of structural component vibration levels Detailed discussions with
these individuals indicated that the plannad +fforts would, as csxpected, provide
very useful informstion to the Government previded proper ¢onrdination was made
with other Government-sgonsored efforts. Such coordination was effected through
provision of regular reports to interested {adividuils and -aencies, and discus-

sion of program directions and results with these individua's 13 sppropriate,

Elastomer properties such as hardness, ra 1lisnce, strength  bondability, and
resistance to cold flow, tear, wedar, and impact may vary widely depending upon
the particular elastomer, its components, and the way it is processed. Literally
thousands of combinations of properties may be schieved from the many natural and

synthetic-base materials which are availahle (Refs. 1 throuph 6 for instance) .

Elastemer dynamic properties (stiffness and dawping} vary not only with respect
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to compenent elements and processing procedures, but also with respect to the
operating conditions to which they are exposed. Thus, mounting configuration,
vibration frequency and amplitude, and above all temperature and temperature
gradient all are quantities which influence the dynamic properties. The net
result of this large number of parameters is that dynamic properties have had to
be determined through testing under conditions reasonably similar to those in
which the elastomer element will actually be uscd. This has resulted in the
development of various types of test apparatus, cach of which has advantages and

disadvantages. Several of the more common tvpes are discussed below.

The torsion pendulum is a simple apparatus which utilizes the principle of decay
of free vibration amplitude to measure the shear modulus and damping ol an
elastomer sample. In this test method, one end of the specimen is rigidly
clamped.The other end of the specimen isattached to a member having known moment
of inertia and which is free to oscilliate. The pendulum is given an intial
motion and allowed to oscillate freely. From recorded values of oscillation
frequency and the decrease in amplitude with time, the shear modulus and damping

can be calculated (Refs. 7 and 8). This method is restricted to low-frequencies
(0.01 to 10Hz),

The vibrating reed method (Refs. 9, 10 and 1) is a forced-vibration, resonance
test apparatus. The test specimen is attached to a strip or reed which is clamped
at one end and forced to vibrate transversely. As the frequency of the vibrations
is changed, the amplitude of the free e¢nd of the reed will go through a maximum

at the natural firequency of the reed. From the measured amplitude-frequency

curve near the natural frequency, the dynamic moduli of the c¢lastomer ctnecimen

can be computed. This apparatus covers the frequency range of 10 to 1000 Hz,

but it is not suitable for high-damping elastomers.

The forced-vibration method, utilizing both rcsonance and nonresonance operation,
is the most satisfactory means for determining dynamic properties over ¢ wide
frequency range at constant temperature. The input in this niethod is forced
sinusoidal oscillation of the elastomer support element. The result‘ng motion
of the mass supported across the elastomer (in terms of displacement, velocity,

or acceleration) is measured at the respective frequency. From the measured

-10-

Foe o B SN el n LR SFFRTE * Prle SN I
S S B e S g e L Bl A R N ek M LD IR S A TSN PO 1T L S AR o T TR Sl VAT SRR TR SRR T



Fiaa

:
1
i
g
;
|
I
i
i
i
I
i
i
|
i
!
]

input and output signals and their rclative phase, and known properties of the
test hardware (mass, etc.), the dynamic properties can be calculated. Although
the calculation required to obtain the dynamic properties {is relatively more
complicated than other methods, it can readily be done by computer The impor-
tant thing is that the test is not critically dependent upon the resonant re-
quency of the system, although resonance may be required to achieve relatively
high amplitudes. Therefore, the frequency of measurement can be changed over a
range without major changes in the apparatus. For these reasons the test rig

designed under this program and described below employed this method

For elastorer dynamic property tests above about 10,000 Hz, the wave propagation
method can be used (Refs. I, 12 and 38) In this method, the dynamic moduli are
calculated from the measured velocity and attenuation of sound waves propagating

inside & specimen

Elastomer dynamic properties, obtained by various test methods for specified
parameter ranges. are reported by many authors in the literature (Refs. 12
through 32). A brief summary of elastomer elastic and damping properties, to-
gether with a collection of references, are included in Reference 35 (pages 241-
245). Nolle (Ref. 12), Hopkins (Ref. 14), Painter (Ref. 15), Philippoff (Ref.
16), Fitzgerald, et al (Ref. 17), Kurath, et al (Ref. 25), and Yin and Pariser
(Ref. 28 and 30) have tested a number of eclastomers including natural rubber,
butyl, hypalon, neoprene, polyvinylchloride, and polyisobutylene. Effects of
frequency, temperature, preload, amplitude, and shape of test specimen on the
dynamic properties were reported for limited parameter ranges. The equivalence
of temperature and frejuency on the dynamic moduli was reported in, among others,
References 13 and 17. It was not until 1954 that the method of reduced vari-
sbles was developed by Williams and Ferry (Ref 20). By this method, the Aynam-
ic moduli over a wide frequency range at some reference temperature can be used
to determine the moduli at other temperatures. The effects of preload on dynam-
ic moduli were studied by Nolle (Ref. 13). It was reported that the effect can-
not generally be described in terms of any esimple systematic shift of the modulus-g
frequency curve or the modulus-temperature curve. Considerable emblitude de-
pendence of the dynamic moduli of carbon-black filled natural rubber vulcanized

was reported in Reference 18. This amplitude dependence does not increase at
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low temperatures. The large dynamic strain amplitude effect of a BIR elastomer,
as reperted by Painter (Ref. 22), is to decrease the dynamic elastic - oduli;
this effect is more profound at high frequency.

The shape factor, which describes the discrepancy between the elastic modulus
of an elastomer and the effective elastic modulus of a particular test specimen,
was described in References 5, 6, 36 and 27. For a shear specimen, the shape

factor is important only for thick specimens in which bending may occur in
aeddition to simple shear deformation.
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DESCRIPTION OF ELASTOMER TEST RIG

The elastomer tests described in this report were conducted in a test apparatus
designed and built under this contract. This test rig was designed to impose
precisely measured uniaxial vibration amplitudes upon a selected elastomer sample
at desired test frequencies and under selected force preloads. The rig is capabl
of testing, through the base-excitation resonance-mass technique, elsstomer sampl
of virtually any size and shape (test sample cavity {s a cylinder approximately §
in. (12.7 cm) high by 5 in. (12.7 cm) in diameter) over a wide frejuency range.
Selection of the re:conance mass to match elastomer sample properties nermits
testing at very high amplitudes at resonance, with correspondingly lower amplitud
at off-resonance conditions. Test amplitudes are limited by elastomer capabiliti
end shaker input power rather than by the test rig itself. In the tests describe
below, for instance, elastomer samplee consisting of two cylinders, each 0.50 in.
(1.27 cm) thick by 2 in. (5 cm) in diameter were tested at maximum amplitudes of
about 0.006 in. (0.152 mm) peak-to-peak at 1000 Hz, the equivalent of about 600 g
on the resonance mass. Double amplitudes of up to about 0.020 in. (0.5 mm) were

measured at lower frequencies,

The test rig, which may be driven by any shaker device, permits force preloading
of the elastomer samples and has been designed for future incorporation of vari-
able test temperature hardware. The vibration input to the test rig in the tests
described below was obtained from a commercially-available electromagnetic shaker

system capable of delivering 15,000 1b (66,700 newton) force in the sinusoidal

mode of vibration.

Test Apparatus Requirements

The elastomer test rig had to meet five functional requirements:

i
1. Very low residual damping. 2
1

2. A provision for holding the elastomer test material sample for tests in com-

pression, shear, or any combination of the two conditions.

3. A means for providing force preloading to the elastomer test sample in order

to perform high preload vibration tests at high (resonance) frequencies.

.13
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4. An inertia mass loading of the elastomer test gample with weights ranging
from 1.5 to 500 1b (0.68 to 227 kg) such that high amplitude tests enuld be

conducted at resonance between about 30 Hz and 1000 He .

5. A means for removing mass preload from the elastomer test sample in order to

perform low preload vibration tests at low (resonance) frequencies.

Achievement of these requirements was met through a test rig concept based upon
a unidirectional vibrating mass-spring system, with the elastomer specimen rep-

resented as an equivalent spring and damper system, with dynamic properties which
change with test conditions.

A schematic of the elastomer test rig is shown in Fig. 1 and a layout drawing of
the same rig in Fig. 2. Figure 3 shows the complete rig mourted on the shake
table. The amount of mass bonded to the elastomer specimen was varied to achieve
near-resonant conditions of the spring-mass system such that useful test data
could be obtained for frequencies ranging between 30 and 1000 Hz. More precisely,
system resonant frequencies betweer 10 and 750 Hz were desired, because useful
test data can generally be obtained in the frequency range of 1.2 to 3 times the
system resonant frequency. For the spring stiffness values of the particular
test materials considered for evaluation, together with the minimum practical
mass (consisting of the top part of the test sample holder and the preload
piston), a test specimen consisting of two discs each 2 in. (5 cm) in diamecer
and 0.50 in. (1.27 cm) thick was predicted to produce a spring-mass systen with a
resonant frequency of about 750 Hz. A mass of 500 lb (227 kg) was then required
to produce the desired lower resonant frequencies between 10 and 30 dz (mass-

resonant frequency relationships for various stiffnesses of clastomer specimens

will be discussed below under Description of Tests).

Vibration system power capacity limited the vibration input amplitudes to the
spring-mass system at the high frequencies. For high frequency testing the moving
part of the test fixture,consisting of specimen holder, preload cylinder and
resonant mass, weighed approximately 55 1b (25 kg). Since the vibration table

was capable of imparting an 85g acceleration to that mass, vibration input ampli-
tudes (peak-to-peak) of slightly over 0.00l5 in. (0.038 mm) could be obtained 1t
100G Hz, increasing to 0.003 in. (0.076° mm) for frequencies below 725 Hz. It

should be noted here, however, that vibration table input amplitude was not the
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test parameter which was specificd for the Lests Auplitude across the clastomer
(rclative amplitude between vibration table and resenance mass) was the parawceter
contvolled during the tests, which were conducted for relative amplitudes of 0,001
(0 25), 00015 (0 038), 0.U03 (0.076) and occasicnally 0.005 in  (0.127 mm).
'wth the mass required for resonance and the achievable table

avp litude increased proportionally to the inverse vi the square of the desiaed
test {requency Since very large vibration table amplitudes were not required at
lower frequencies, excess shake table capacity existed at the lower and medium

Lest frequencices

Toet Rie Mechanical Detaile

The elastomer test discs were bonded to the suppert fixture surfacces The urcthane

compression Lest specimens were bonded with CONAP ADLL52% cured at 13u0°F (54YC)

i

for three minutes, while the remaiaing urcthane specimens and all of the ncoprene
specimens were bonded with HYSOL AS7-43237% cured for one-iialf hour at 140°F

(660¢) plus 15 minutes at 325 F (162°C). The bonding material was chanaed

aftcr softening was noted in the high-awplitude, high preload Lests of (he ure-
thare shear sample . On the vibration table input side, the test specimens were
bouded to steel and on the mass side Lo titanium. The bond failures referred to
above, occurred only at the titanium side, which may simply have been a cunsequence

ol the generally higher temperatures prevailing in the titanium due to its lower

Pa—

heat Lranster capacities.  “The mounting confipurations for all test specimens are

shown in Figures 2 and 4.

Tust specimen prelvading was achicved via an air cylinder located directly above

oy pac  pd P el

the clastomer and designed such that no external loading would be applied tu Lhe
Lesl ripg frame The titanium piston was screwed to the upper-specimen holding-

plate aud s2aled in the cylinder with two rolling diaphragm scals (Bellofram iC-
609-37-FPJ and 3-11Y-119-CBJ). The air cylinder inlet hole was 0.030 in (0 762

wi) in diamcter, making the cylinder essentially a "closed" cavity under vibration

P R
.

conditions. Preload on the test specimen was maintained through regulation of air

*CONAP Incorporated, Allegheny, New York

TVHysoL Division, thc Dexter Corporatiou.
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pressure in the cylinder. The preload provided was therefore of the constant
load type. The elastomer deflections at five and ten percent preloads (0.025 in.
(0.63 mm) and 0.050 in. (1.27 mm) deflection) were obtained at ambient room

temperature.

Under vibration conditions, the compressibility of the éir in the cylinder added
8 small but measurable stiffness to the system. This stiffness was included in

later calculations of elastomer properties.

The resonance mass bonded to the top of the elastomer specimens was comprised of

& number of elements. For high frequency tests, in which only a minimum of mass
was required, the resonance mass could be reduced to the top plate of the specimen
holder and the preload piston. Both pleces were made out of titanium for minimum
weight. Requirements for increased mass for medium or low frequency testing were
met chrough addition cf a long rod rigidly coupled to the top of the preload
piston, and of steel weights. The weights were centered by the rod and were
axially restrained by spacers of various lengths and a locknut near the upper rod

end.

The rod {tself received radial support from two frictionless guide bearings
{Figure 5 shows one of the dismounted bearings), each of which consisted

of a hub and 12 steel spokes. The hub fitted over the end of the rod and was
axially clamped to it. This kind of bearing arrangement provides good radial
stiffness for reasonably high spoke tencion, but provides only limited freedom
for movion 1if overstressing of the spokes is to be avoided. Consequently, pre-
loading of the elastomer test specimen by the air cylinder required that the
outer frame (to which the guide bearings were attached) be lowered. An adjust-
ment of the position of the outer frame was also necessary when there was a change
in the &ir pressure in the upper ¢ylinder, which was used to remove dead weight
from the elastomer when the rig was set up to perform low frequency resonance
tests. Such adjustments to the outer frame may be avoided in future tests by
testing with the spokes more highly stressed. This may require stronger spokes

1f large preloads are to be imposed.

The function of the upper air cylinder (whose piston was attached to the inertia

mass) was to keep the mass from resting on the elastomer test specimen and thus
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loading it in compressfon or shear. When preloading of the test specimen was
desired, air pressure in the upper cylinder was reduced until the specified preloa
was obtained. If.the air pressure in the upper cylinder had already been reduced
to ambient (the full weight of the mass was supported b the test specimen),

additional preload could then be suppiied by the lower air cylinder.

The compressibility of the air in the upper cylinder added to the system another
small stiffness of nearly the same magnicude as that provided by the lower cylin-
der. The two guide bearings (spoke planes), which were always operated at approx-
imately their neutral (unstressed) axial position, contributed a third small

spring stiffness which was considered in later calculations.

Instrumentation

The measurement requirements associated with the experimental investigation of

the elastomer dynamic properties were as follows:

(1) Displacement measurement of elastomer support plate attached to

vibration table, relative to ground;

(2) Displacement measurement of elastomer support plate attached to

resonance mass, relative to ground;

(3) Phase angle measurement between displacement measurements (1)

and (2) above;

(4) Displacement measurement between two elastomer support plates,

relative zmplitude across the elastomer;
(5) Vibration frequency;

(6) Temperature of elastomer and elastomer support plates.

For convenience, the displacement measurements were made relative to the massive
shaker body frame, which was supported relative to the shaker base by springs.
The very low level of motion of the shaker body frame was measured by accel-

erometer.

At medium or high vibration frequencies (above 300 Hz) displacement measurements

were replaced by acceleratini measurements. Resonances of the displacement probe

-17-




supporls, together with clastomer thickness changes due to thermal expansion
caused by changing temperatures in the test specimen, prompted the substitution.
At low frequencies, displacement measurements were required because of the hum

. ' and noise in the shaker (0.1 g or less according to manufacturer's specifications).
At these low frequencies, with the low g-levels required for testing, this hum
and noise resulted in too much acceleration signal distortion. The phase angle
measurements were of course not affected by the use of accelerometers at the

higher frequencies.

The measurements of the relative diéplacemcnt amplitude between the vibration in-

. o put and mass response could also be made eithe: as displacement or acceleration

) ’ measurements. In the latter case, conversion of the signal to displacement form
would have been required during the tests, since the analytical evaluation of the
experimental data required the relative displacement amplitude to be a constant
parameter. It was thus measured directly by using a displacement probe mounted
to and vibrating with the shaker table. Noncontacting displacement probes of the
capacitance-measurement type were employed for this purpose, as well as all other

. displacement measurements in this program.

N Temperature at the center of each elastomer test specimen was judged to be an
important test parameter, together with temperatures at several locations

J immediately adjacent to the sample. This was because the dynamic properties of

elastomers are known to be very strongly dependent upon temperature. In order

to make the former measurement, a thermocouple was located in Lhe first (urethane

compression) sample at the geometric center of one of the two test specimens.

While test temperatures were successfully recorded for a time, the hole through

which the thermocouple was inserted (along the axis of the cylindrical sample)

appeared to act as a local stress raiser, causing what was apparently a fatigue-

. type shear failure to propagate radially outward over a large sector of the speci- 7

’ men. This failure appeared as & circumferential cut on the side of the disc (see .

Fig. 6). While early failure of the urcthane compression sample limited the

amount of data which could be obtained from this particular sample, and forced

the abandonment of this type of temperature measurement for future samnples, it !

nonetheless demonstrated clearly the ability of the test rig to apply higan

amplitude, high frequency vibrations to very large samples.
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Subscquent temperature measurements were made al a point dircetly under the
center of the celastomer disc in the steel support plate (vibration table fnput
stde) at a c¢istance of approximately 1/16 {n. (1.6 mm) from the surface, and
directly above this point on the other side of the erastomer disc in the titanium
holding plate (mass side). In the titanium plate the thermocouple was located
about 1/8 in. (3.2 mm) from the surface bonded to the elastomer. Chromel-Alumel

thermocouples were used.

Data Acquisition Systen

A schematic of the data acquisition system used for the cxperimental investipa-
tions rcpurtod'hcrein fs shown in Fig. 7. Displaccement signals from noncontacting
capacitance type prubes and Wayne-Kerr amplifiers, or acceleration signals from
crystal accelerometers and Kistler charge amplifiers, were scquentially switched
by an analog scanncr (Monsanto 508P) ivto a two-channel tracking filter (Vibra-
tion Instruments Company, M.del 235D) . The tracking filter provided a v sual
readout of vibratioa frequency and of two [iltered amplitude signals. The mass
amplitude signal {(displacement or acceleration) was fed at all times into one of
the o channels of the tracking filter and from there into the phase meter
(Vibration Instrucents Company, Model 9334) where it served as a reference signal
for the measurement of tho phase angle relative to the vibration table amplitude
signal (displacement or acceleration, respectively). The d-c¢ values proporticnate
to phasc angle and amplitudes from the phase meter and the trackirg filter were
then converted into binary form in two digital volumeters (Monsanto, Model 2004)
and printed on paper by a Zi-line printer (Monsanto, Model 511A) st a rate of
approximately three lines per gsecond. (Sce Fig. 8 for a sample data printout,

and Fig. 9 for a photograph of the Monsanto and Vibration Instruments' instrumen-

tation.)

Tvmperature values were obtained and tead from a thermocouple bridge (Technique
Assoc., Model 9B) after manual switching between thermocouples in a special
thermocouple switch (Wheelco Instrument Division),

During testing, the wave forms of all amplitude signals were monitored on oscillo-

scopes. The relative amplitude signal was also moritored on an a-¢ voltmeter

(two such signals were recorded for the compression and combined compression-shear

-19.
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test specimens, one on each side, In order to obtain estimates of the amount
of side-to-side resonanze mass motion during tests without external resonance
mass connection; onc such measurement was made for the shear test specimens).,

These signals indicated deflection across the clastomer test specimen (x2 - xl).

Vibration test frequency was set and adjusted at high frequencies according to
the readout of the tracking filter and at low {requencies according to the fre-
quercy meter on the shaker control consvle, which was equipped with a logarithmic

scele frequency meter for higher accuracy and resolution at low frequencies.

«20-

i W v R T ALt TORCEE S
L B S RS GRS R SRR R R e DU R T 2 .
o e f AT o Aimit o A B RO A e i 48 are = B

j S ———

bt wend el



"~

et "

TRV

B

T

-

g e S g R B T

g e 4o g e S

DESCRIFT'ON OF TESTS

. —

Selection of Elastomers for Testing

It was considercd that, as a basic rejuirement, the elastomers used for this test
program should have not only good bonding capability with metals, but also measur-
able damping. Based on these criteria, four elsstomers were chosen from among the

many available for possible use; they sre Buna N, Hypalon, Neoprene and Urethane.

One 6 in. by 6 in. by 0.50 in. (15 2 cm by 15.2 cm x 1.27 ¢m) sample of each of

the above four clastomers was obtained for possible use in the tests, through the

courcesy of t'ie Nichols Engineering Company of Shelton, Connecticut. The Nichols
Engineering Conpound Numbers of the four elastomers are, Buna N: NE-1035; Hypalon:
NE X-193; Neoprene: NE-1096; Urethane: VI-B5LAK.

Onc of the major fcatures of the current test program is the performance of the
scheduled tests at near-resonance conditions in order to achieve amplitude require-
ments., If resonance cannot be reached at the desired test frejuency because of
either low test sample elastomer stiffness or high resonance mass (particularly at
higher frequencies) tests may be conducted such that the test freguency 1is higher

than the resonant frejuency. The resonance fresuency is defined as

£ 1 k

= -—— ——

n n W/g

where k is the total stiffness of the elastomer sample and W is the weight of the

total resonant mass attached to the elastomer sample. The resonance mass may be

adjusted in discrete steps, depending on the weight attachments designed for the

test rig. The elastomer stiffuess k for the compression mode is determined by

k = 2E A/L
e

where Ee 15 the effective Young's modulus of clastomer, A 18 the cross-scctional

area of elastomer specimen; and L is the thickness of clastomer specimen.

The factor of 2 in the stiffness formula accounts for two elastumer specinens

connected in parallel in each elastomer sample in the Lest rig. "he configuration

of each elastomer specimen {s a disc 0.50 in. (1.27 ¢m) thick and 2 in. (5 cm)

in diameter. Thus, according to the shape fectur dats of Ref. 36, the effective

Young's modulus Ee is approvimately 2.5 times the ectusl Young'y modulus E for the

particular materfal. The stiffnest for the shear mode can be determined by the same

formula with Ee replaced by the effective shear modulus.
-21-
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The Young's moduli of the four elastomers supplied by Nicliols Engineering Company
were not available, However, such information is required in order to determine
the compatibility of the elastomer test samples with the designed test rig.
Simple compression stiffness tests were therefore carried out to determine the
Young's modulus. TIn these tests, cubes of the candidate clastomers, 0.50 in,
(1.27 cm) on a side were cut f{rom the sample slabs and loaded statically on the
same axis along which the samples werc later to b: tested. The elastomer cubes
were loaded between plates without epoxv. 7he results were as follows:

Calcula.ed Flastomer
Stiffness for Two

Statically Measured Young's ~ Circular Test Samples
Modulus For Flastomer Cube !2 in. {5 em) Dia. 3By
[0.50 in.(1.27 cm)] LP.SO in. (1.27 cm) Long
Elastomer 15/in.2 (njmz) . Ab/in. (n/m)
Buna N (NE-1035) 10,500 (7.25 x 10°) 330,000 (5.77 x 10°)
Hypalon (NE X-193) 1,110 (7.05 x 16%) 34,500 (5.95 x 10°%)
Neoprene (NE-1096) 3,600 (2.4) x 197) 113,000 (1.95 x 107)

]

Urethane (NE-854AK) 2,260 (1.36 x 107) 71,000 (1.25 x 10%)

These results should be interpreted as estimates only of the stiffnesses which
would be obtained under actusl tests. Since the shear modulus is approximately
1/3 of the Young's modulus for this cype of material, the expected shear stiff-

n2ss value 1s about 1/(3 x 2.5) times the compression stiffness.

Neoprene and urethane were s2lected as the two test elastomers. Their stiffnesses
are midway in the range between the low value obtained for hypalon and the high
vizlue obtained for Buna N in the available sample materials, Also the ratio of
the stiffnesses of neoprene and urethane is only 1.59. rhus, near-resonance tests
may be performed on two different elastomers without drastic Ccharges to the test
rig resonance masses, which would be required if the stiffnesses were very dis-

similar,

The masses that can be utitized for resonance in the current test rij design are:
1.5, 3, 5, 15, 25, 35, 65, 125, 185, 245, 305, 365, 425, and 485 1bs (0.7, 1.4,
2.3, 6.8, 11,3, 15.9, 29.5, 56.7, 81.9, 111.1, 138.3, 165.6, 192.8, and 220 kg).
Therefore, for urethane, the range of resonant frequencies is from about 38 Hz to
about 680 Hz for tests in compression, and frc about 14 Hz to abouvt 250 Hz for

tests in shear. For neoprene, the range of resonant frequencies s from about
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48 Hz to about 860 Hz for tests In compression and from about 17 Hz to 310 Hz
for tests in shear. These ranges are illustrated on the resonant frequency plot,
shown in Fig. 10, with U-C and U-8 denoting urethane compression and shear

fespectively, and N-C and N-$§ denoting necoprene compression and shear resnectively.

Description of Tests Conducted

Two clastomers, urethane and neoprene, were tested in this program, each in three

loading configurations: compression, shezr and combined compression-shear

Urethane in compression was tested first. 1In an @*tempt to measure the tempera-
ture at the center of the elastomer, during the tests, a small hole 0.030 in.
(0.76 mm) in diameter was drilled along the axis of one of the two elastomer
discs. A thermocouple was lodged in this small hole. The urethane compression
sauple was subsequently tested in the high frequency range (300 to 1000 Hz) and
with peak-to-peak amplitudes ranging from 0 .00l in. (0.025 mm) to approximately
0 009 in. (0.228 mm) at each frequency. After approximately three to four hours
of high frequency testing, the elastomer disc that contained the thermocounle
failed. A crack had developed near the midplane perpendicular to the axial
direction of the disc. The failure was apparently due to reprated stress rever-
sals and the stress conceatration effect at the end of the small hole. Tests on
this sample were discontinued subsequent to the failure. Approximately 30-35
percent of the data scheduled to be taken for this sample had been obtained

Much of the recorded data had to be discarded, however, because careful examina-
tion indicated data "contamination" due to the gradual propagation of the crack

during the data taking.

No thermocouple holes were drilled in the remaining test samples in the elastomer
discs. While this limited the amount of tcmperature data which cnuld be obtained,

it also prevented the reoccurrence of fatigue failures due to stress concentra-

tion.

The procedure used to obtain the test data was developed in the course of the
initiel tests on the urethane compression sample. In subsequent tests, limita-
tions in the engineering properties of the elastomer materials were treated con-

servatively. Test rig ampliiudes wer: held below maximum capacity and test
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duretion at high frequencies and high amplitudes was limited to the time required
for machine adjustment and data taking.

Levels of dissipative heating {n the elastomer test samples varied depending
upon vibration frequency, specimen deflection amplitude and time. At low fre-
quencies, the heat generated in the elastomer caused oniy a snall (l-2°F; ca 1°C)
temperature rise in the bonded metal plates at all test amplitudes. At higher

vibration frequencies the elastomer temperature rose rapidly by as much as 50°F

(2800). The test rig in {ts current configuration did not have specimen ambient
temperature control capabilities.

Attempts to obtain "transient" data (elastomer deflection data at less than steady
state elastomer temperature for the partfcular vibration frequency under test)
proved to be unsuccessful due to limitations inherent in the electromagnetic

shaker system, in which rapid changes in power output are not tolerated at high
power levels.

Data Taking Procedure

1. Shaker system vibration frequency was set. The initial test was found by
scanning upward in frequency until an operating frequency just above the

critical frequency of the elastomer-mass system was reached.

o 2. Shake table power input was then adjucted until the desired deflection across

i the elastomer (x2 - xl) had been read on an a-c voltmeter.

3. VWhen all signals sppeared scceptable in amplitude and wave form, the data
printout command was given.

4. Data signals were printed. Frequency and calibration factors from the track-

13 ing enalyzer were recorded.

*
ey

5. Simultaneously with (4), temperature was recorded (manually).

Lo aa g

.. oL

6. After advancement to the next test frequeucy, steps (2) through (5) were

repeated. The maximum test frequency was generally reached at 3 to 3.5 times

T

the critical frequency of the elastomer-mass system. Above that point

e e e T P ———

generally excessive power input to the shaker was required to maintain deflec-

Bapery |

tion amplitude across the elastomer, and the phase angle between table input
and mass response changed only minutely.
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7. Steps (1) through (6) were repeated for each higher deflection amplitude
across the elastomer.

N 8. Steps (1) through (7) were repeated first for the five percent and then for

the ten percent preload values.
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DEVELOPMENT OF ANALYTICAL METHODS

Dynamic Model Nomenclature

The test rig designed, built, and successfully used for the determination of
dynamic elastomer propertics as reported here is based on the base-excitation,
resonance-mass method. A schematic diagram of the test rig is shown in Fig. 1.
The test specimens were epoxied onto a holder which was fastened securely to the
shake table. The other side of the elastomer holder was connected to the resonant
mass. The vibrational motion was therefore transmitted from the shake table
through the elastomer to the resonant mass. This is shown diagramatically in

Fig. 11, in which the motions of the shake table and the resonant mass are rep-
resented by Xy and x, respectively. Because of the electromechanical forces
(denoted by F) which act between the shaker body and the shake table, the shaker
body may experience vibratory motion. Although this motion, denoted by Xes is
expected to be small under normal operating conditions, it is included in the

analysis for generality.

The elastomer specimen, when installed in place, provides the major dynamic link
between the shake table and the resonant mass. Under dynamic conditions, the
elastomer can be represented by equivalent stiffness and damping coefficients,

ke and ¢, respectively. Both ke and c, are frequency dependent. There are also
two air cylinders in the test rig. The lower one is for the purpose of preloading
the elastomer, and the upper one is to unload the deadweight of the resonant mass.
Their stiffness and damping properties are represented by kl, Cy and ku, c
respectively. There are also two spoke systems to restrict the resonant mass to
vertical movement. Each spoke system has stiffness ks and damping Cg- These
stiffness and damping elements, all of which are shown in Fig. 11, are all very
small numerically compared to the elastomer properties. This relative sizing has
been done deliberately in order to decrease the effect of each of these required

elements upon the accuracy with which the elastomer properties may be calculated.

Equations of Motion

The equation of motion for the resonant mass can be written as follows:
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mx2 + (CL + ce)(x2 - xl) + (cu + 2cs)(x2 - xf)
(1)
+ (kl + ke)(x2 - xl) + (ku + ZkS)(x2 xf) = 0
Denote
1g 7 % T Xg
(2)
g T ¥ T xg
Then
Yo TR T %y T ¥ and Xy <ok o= ok, - X1t
Equation (1) takes the form,
vy . .
Wop T gt oGy md ) (e +2e) %), _
ok PRIy T ) 4 e+ 2k ) x, = T mRe (3)

It is noted that if displacement Probes are to be used to me.sure the motions of
the mass and the shake table, the probes are mounted with the shaker body as their

references. Therefore, xlf and xzf are the measured quantities.

The shaker table motion, which is sinusoidal in time, can be expressed as

X1 ® le exp 1 (wt + @1) (4)

where le and ¢, are respectively the input amplitude and phase angle, and w is
the frequency.

Now, assume that Xy ¢ and Xg are also sinusoidal in time (actual measurement
verified that such is indeed the case). Thus,

X ™ X2f exp 1 (wt + ¢2)
(5)

X, = Xf exp 1 (wt + @)

Substitute Eq. (4) and (5) into Eq. (3) and take only the real part:
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m w x2f cos {wt + (pz) + ke [x2f cos (wt + cpz)

- X, _cos (wt + q)l)] + klls X

1f cos (wt + :pz)

2f
— 1 -—
o 0.{X2f sin (wt + :pz) le sin (wt + cpl)]

T, WX, sin (wt + cpz) = m w2 X cos (ot + o) (6)

where ké = ke + kl.; cé - e, *t €, &)

kl'l =k, * ZKS; cl: = c, * 2cS (8)
Equating the cos wt terms in Eq. (6), we have

- m a)2 X2f cos @, + ké [x2f cos ¢, = le cos cpl:]

+ k! Xyp cos @, = el w [XZf sin @, ~ X, . sin (pl]

-CL'leZE sin ¢, = m o’ Xg cos @ (9)
Equating the sin wt terms in Eq. (6), we have

ma.)2 x2f sin 9y + k' ['-Xzf sin ®y + le sin(plj

e

—k:x x2f sincp2 - céw[xzf cos ¢, ~ le cos (pl]

-cL'lwxzf cos ¢, = -ma)2 X, sin o (10)
Rewrite Egs. (9) and (10) in the following form:

ke oAt 4 (1L

a4, k:z + a, cé = d2 (12)

-28-
i K A R e A T AR AT s Pt AR R R S ham B N Lo B L M e 4D




»

s Sy g

B i e et ot NP L SR BT

*

e

-~

Loy

DN

LM

oy

o

wsqw I

g ] e e et b G B B

ooy

oo B vl BES St |

SRS ey

where all

12

21

22

Note that quantities in Eq.

= - w (X2f sin ?,
= alz/w
= “wa,

2 —
m (X2f cos @, + Xf cos ¢) ku x2f cos ¢,

1
+ c, @ x2f sin 9,

s - 2 ] - '
m w (X2f sin 9, + Xf sin ¢) - ku x2f sin P,

1
+ c, @ x2f cos ¢,

(13)

(13) are either known or measured in the experiment.

For example, the frequency w, the displacement amplitudes le, x2f and Xf, and

the phase angles are measured quantities in the dynamic testing, and k& and c&

are known quantities (by prior measurement) .

Egs. (11) and

k‘
e

(12). The results cve:
L 98 T4y Ay,

811 %22 T %2 9y
DLy T ey,

811 %22 T

Thus, k'
e

and c¢' can be solved from
e

(14)

from which ke and c, can be readily calculated, using Eq. (7),

k
e

Therefore, from each set of

etc.) one pajr of elastomer

calculated.

and c =

= | .
ke kL e

(15)

dynamic test data (amplitudes, phase angles, frequency,

specimea dynamic stiffness and damping values can be

The above approach has been prepared for the case in which the motions are measured

by displacement probes.

measured by accelerometers instead.

e E i B i v it iy K

-29.

A slight modification is required when the motions are

This 1s necessary because the displacenent
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probes give readings with respect to a specific reference body (in this case,

the shaker body), whereas an accelerometer gives an absolute reading. In the case

of accelerometer inmput data, the analysis should begin with Eq. (1).

Let the displacements be represented by:

X, = X1 exp 1 (wt + wl)

X1 cos (wt + ¢l)

Xy = X2 exp 1 (wt + ¢2) = X2 cos (wt + ¢2) (16)

X, = Xf exp 1 (ot + ¢) = X cos (wt + @)

in which only the real parts are taken.

The respective accelerations Al’ A2 and Af are readily obtained by differentiating
twice with respect to time:

Al = - u? Xl cos (wt + wl) = u? Xl cos (wt + ¢; + 1800)

-2 2 o
Az w X2 cos (wt + ¢2) w X2 cos (wt + ?, + 180%) (17)

Af = - UF Xf cos (wt + ¢) = w2 Xf cos (wt + ¢ + 180°)

Therefore, it is seen that for sinusoidal motions the relative phase between the
displacements is preserved in the accelerations. In other words, the relative

phase between Xy and X, 1s the same as the relative phase between A, and A, .

1 2
Thus, the measured phase angles of the acceleration signals may be used directly,
With the accelerations as the measured quantities, their amplitudes may be divided

by the square of the test frequency to obtain th respective displacement ampli-
tudes. It should be noted that if the measured quantities are mixed, for example,
X and A2, then in order to be consistent, one of the phase angles has to be in-

creased by 180 degrees for proper interpretation of results.

Substituting Eq. (16) into Eq. (1) and following the same procedure as in the
derivation of Eqs. (6) through (12), Egs. (11) and (12) are again obtained. The
elastomer stiffness and damping can be calculated from Eqs. (14) and (15) as

before., But instead of through Eq. (13), the coefficients ay,» 19> etc. should
be computed from the following equation:
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-— =
a,, = X2 cos @, Xl cus 9,

a, = ~w (X2 sin 9, ~ X1 sin <pl)

E T

Y QT e mn “'-"?"".;’?“"?F"‘":‘;‘"?“{“:' ‘:-.m Y

41 = Al
l 822 % Tway
2 (18)
= -t -
! dl m W X, cos g, el @ (}(f sin @ X, sin (pz)
] —

¥ + ku (Xf cos ¢ X2 cos cpz)
R ¢ 2 '
. = — 0 - ] —
3 d2 m X, sin 9, T el (Xf cos ¢ = X, cos <p2)
” 4 . — :
I k! (Xf sin ¢ X, sin g,) N
T _— = 2
- where Xl = Al/u) ; Xy = Az/w

T X, = Ko (19)
&
- Al, A2 and Af are anmplitudes of accelerations |

g" N
> In summary, the elastomer stiffness and damping quantities can be calculated
3 g— from Eqs. (l14) and (15). 1If the motions are measured by displacement probes,
é then the coefficients a)» 312’ 521, a5 dl’ and d2 should be calculated from
3 { Eq. (13). But, if accelerometers are used to measure the motions, Eqs. (18) and
E (19) should be used for the coefficients,

. Mechanical Impedance and Compliarce

i o e+ s

The complex mechanical impedence of an elastomer is given in terms of the stiff-

- ness and damping as follows:

13 Z = k +1iauc (20)
3 e e e

]

I 4 complex compliance function can be defined as the inverse of Ze:
¢ =6 16, z kK +1a0 @)
i e e e
t
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Thug,
k =
e
Gl
k +w ¢
(22)
w ce
G = —
2 k2 + a} C2 J
e e

In the foregoing sec*ions, a procedure has been described whereby elastomer

stiffness and damping coefficients, or the complex compliance function, can be
calculated from measured motions of the shake table an. the resonant mass. 1In
the following section, a relationship between the elastomer complex compliance

function and a set of constants based on a viscoelastic model, will be

derived.

In an elastic material, a simple lincar relationship commonly kncwn as Hooke's
Law, exists between stress and strain. In an elastomer, or a viscoelastic
material, the time rates of change of stress or strain, or both, must also be
considered in the stress-strain relationship. The precise form of the relation-

ship depends on what viscoelastic model is used in the formulation.

One elastomer viscoelastic model is the three-element model shown in Fig. 12,
This model, consisting of one linear spring in series with a linear parallel-
connected spring and damper, (one of many such arrangements - sze Ref. 35, for

instance) has provided reasonably good qualiiative descriptions of elastomer be-
havior.

In Fig. 12, suppose that the elastomer is acted upon as shcwn by a sinusoidally
varying force F, producing displacement ¢. Denote the displacement of the mov-

able end of spring K2 by e¢'. By applying a force balance at the junction of the
spring K2 and the spring-damper element:

Kpe' = Ki(e~¢') + C(-¢) (23)
Also, the force in the spring K2 must be equsl to F. Thus,

F = Kze' (24)
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By eliminacing ¢' from the above two equatioﬁs, we have

c . K K, CK, |
P + F & 50w + —&—¢ (25)
K1+X2 l(l+.\2 K1+R2
or
F + an = a,c¢ + a, e (26)

a bad c ]
1 K +K,
K. K
12
a, = 27)
2 X, + X,
.. CK,
J X1+k2 J

The dirplacement ¢ and the force F are related by the complex compliance functicn
G:

L GF (28)

Since F 1is sinusoidal in time,

F = Fo exp 1 wt (29)

Thus,
e = (Gl -1 GZ) Fo exp 1 axt (30)
Substituting Eqs. (29 and (30) into Eq. (26),

1 4+ 1twa vaz(cl-icz)+a31m(cl—1cz) (31)

Equating the real parts and the imaginary parts separately, we have
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c = 82 :1 q‘j-:)—

1 2l + 03 ug
2 3
(32)
(83 - a az) w

€, = —7773

a, + 83 w J

From a set of experimental data, the elastomer stiffress and damping coefficients,
and subsequently the complex compliance function, can be calculated eog indicated
earlier in Eqs. (14), (15) and (22).

Thus, plots »>f G1 and G2 versus frequency can
be generated. Now, from Eq.

(32), a given set of values for the viscoelastic model
constants a,, a, and 33 would specify Gl and 02 as functions of frequency. If a
particular set of a,, a, and ay can be found which provide G1 and 62 functions,
then, a good correlation has been obtained vy means of the selected three-element
model. The analysis and reduction of experimental data to find such sets of a

l'
62’ and 83 are discussed in a later section.
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DATA REDUCTION AND CORRELATION

Data taken during the efforts reported hercin is summarized in Table 1.

Data Reduction

The analysis and reduction of the recorded data are illustrated by considering
the data obtained through use of the urethane shear sample with no preload, at g
frequency of 200 Hz, and with amplitude of 0.001 in. (0.025 mm) peak-to-peak.
The absolute motions are measured by accelerometers whereas the relative motion
across the elastomer was obtained by a displacement probe. This probe yielded

8 reading of 0.17 volt, which corresponds to a peak displacement amplitude of
0.0005 in. (0.0127 mm). The acceleruvmeter readings of the shake table and the
resonant mass were 0.152 volt and 0.0231 volt, respectively. The motion of the
foundation was negligibly small. The calibration factor of both accelerometers
1s 0.071 volt/g. Therefore,

B = 0.152/0.071 = 2.14 g = 825 in./sec? (21.0 m/sec?)

A, = 0.0231/0.071 = 0.326 g = 126 in./sec? (3.2 m/sec?)

The recorded phase angles were ¢1 = 169.1° and wz = 0 (the resonance mass
motion was used as a reference in measuving the phase angles). The weight of the
total resonant mass on top of the clastomer specimen was 69 1b (31.3 kg). The
stiffness of each spoka assembly as measured was ks = 140 'b/ain. {2.45 x 10&
n/m). From recorded air pressures, air cylinder stiffnesses were determined to

be k= 1000 1b/in. (1.75 x 10° n/m) and k, = 830 1b/in. (1.45 x 10° n/m), see
Appendix I. The damping coefficients of the air cylinder asecemblies and the spoke
assemblies are small; they were estimated, on the basis of log decrement measure-
ments in vibration decay tests, to be = c£ = 0.5 lb-sec/in. (37.5 n-sec/m),

ani cg = 0.

With the above input data, the elastomer stiffness and damping coefficient at
200 Hz i{s calculated from Egs. (14), (15) and (18):

-25.
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k, = 36,000 1b/in. (6.3 x 105 n/m)

c, * 4.3 lb-sec/in. (7.53 x 102 n-sec/m)

Then, from Eq. (22)

G, = 2.73x 107> in./1b (1.56 x 10~7 m/n)

G, = 4.12 x 107 in./1b (2.35 x 1078 m/n).

By following the same procedure, the values of Gl and G2 at other frequencies and
preloads are calculated and plotted. 1In Figs. 13 and 14, the real and imaginary
parts of the complex compliance function are respectively plotted for the urethane
shear sample at a peak-to-peak amplitude of 0.001l in. (0.025 mm). Various curves
are shown for different values of the preload. Figures 15 and 16 show, respec-
tively, the G1 and G2 plots obtained for the urethane shear sample at a peak-to-
peak amplitude of 0.0015 in. (0.038 mm). Preloading appears to have the effect
of decreasing the frequency dependence of the G1 and G2 functions. As the fre-
quency increases, the G1 function decreases, corresponding to an increase in
stiffness. This is in agreement with elastomer data reported in the literature.
The three-clement viscoelastic model shown in Fig. 12 also predicts the same

general behavior for Gl'

Figures 17 to 20 show the G1 and G2 curves for the neoprene shear sample at peak-
to-peak amplitudes of 0.001 in. (0.025 mm) and 0.003 in. (0.076 mm). It is

seen in Fig. 17 that Gl appears to increase with frequency in the 50 to 70 Hz
range for both the no preload and five percent preload cases. This i{s in contrast
to what is generally believed to be normal elastomer behavior although such
reverse trends acre reported in the literature (Ref. 31). It should be noted that
no such reversal was found in the case of the urethane shear sample (Figs 13 and
15), which was tested in the same manner and under similar conditions. One pos-
sible explanation might be a low-frequency test rig resonance. Several additional

tests, with additioual accelerometers, would be required to fully explain this
apparent anomaly.

Figures 21 and 22 are, respectively, the G, and 02 curvas for neoprene under

compression dynamic loading at a peak-to-peak amplitude of 0.001 in. (0.025 mm) ;
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whereas Figs. 23 and 24 are those for the same sample at peak-to-peak amplitude

of 0.0015 in. (C 038 mm). Since the compression specimen is considerably stiffer
than the shear specimen, the natural frequency, even with all the weights in-
stalled in place, is etill too high (in the 120 Hz range) to obtain gocd data

below about 100 Hz., It may be noted that Gl again exhibits a reverse trend in
the 100-150 Hz frequency range.

The data of the combined compression-shear samples of both urethane and neoprene
were also analyzed. The resulting Gl and 02 functions show considerable and
apparently inconsistent variations with frequency over portions of the frequency
range of interest. While portions of the curves (in the middle frcquency range)
appear satisfactory, the results of the tests are considered to be unsatisfactory
from the standpoint of determining dynamic coefficients which would be usable

over the entire frequency range. Further reduction of this data has, thus, not
been attempted.

The variations in G1 and G2 rmay be traced back to the order in which these tests
were conducted. Tests of the previous four samples were conducted with frequency
as the first varjable and amplitude as the second. For the last two samples (the
combined samples) the order was reversed, with amplitude varied first at constant
frequency and test frequency as the second variable. The resulting temperature
history of each sample was thereby apparently confused because of the higher

heat levels generated at the higher amplitudes. This problem area is discussed

in more detail under the Discussion of Results section.

Correlation of Data with Viscoelastic Model

In the last section, the reduction of experimental data was described. This
data was expressed in the form of G1 and G2 versus frequency with preloading and
emplitude as parameters. This reduced data is next correlated with calculated
results through use of the selected three-element viscoelastic model shown in
Fig. 12. It may be recalled that the quantities G1 and G2 were derived in Eq.
(32} in terms of a1, a5, and as, the viscoelastic model constants. The correla-
tion efforts may be described as the obtaining, from the experimental results,
of a particular set of values for a;, 8,, and a;, which by means of Eq. (32).
may be used to calculate G1 and G2 functions which compare catisfactorily with a
particular pair of measured Gl and 02 curves.
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Before discussing the correlation of the data obtainable through the selected
three-element model, it is appropriate to discuss the functional behavior of the
complex compliance function as expressed in Eq. (32). First, the viscoelastic
model constants a, az, and a3 must be positive, as can be seen from Eq. (27).
Since the clastomer stiffness and damping coefficients are positive quantities,
it immediately follows from Eq. (22) that G1 and Gz are also positive. Equation
(32) then indicates that

3 19 >0 (33)

because otherwise GZ’ and hence the elastomer dampine coefficient o will be

negative.

Differentiating Eq. (32) with respect to w ylelds

dG1 2 a, 8, (33 i 32) w

0 T 2 3 2.2 (34
dw (a2 + ay w )

dG2 eg - ag uﬁ

—= = (a, — a, a,) (35)
do 3 1 2 (ag + a§ uF)Z

From Eqs. (33) and (34), it may be seen that dGlldw i¢ always negative. The
slope of G1 is zero both at w = 0 and w = ©, The largest numerical value of the
slope of G1 can be shown to occur at w o= azlv/? a3. Qualita-‘vely, the dependence
of Gl and G2 on frequency is shown in Fig. 25. Note that G2 first increases with
w in the low frequency region and then decreases in the high frequency region.
The maeximum of G2 occurs at w, = 82/83. These facts are extremely helpful in
determining the approximate range of a,, a, and a, in the correlation study.

When the measured G1 and G2 curves show sufficlent resemblance with the sketches
of G1 and 62 as functions of frequency as shown in Fig. 25, » good correlation
can be expected for the three-element model chosen. The monotonic character of
the G1 curve shown in Fig. 25 appcars to suggest that either the reverse trends
noted at low frequencies in Figs. 19, 21, and 23 are due to undesirable test rig
behavior, or that the three-element model, from which the curves in Fig. 25 are

obtained, is not fully adequate for this particular elastomer.
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In addition to the curves presented in Fig. 25, a large number of calculated G1
and G2 curves were plotted in the frequency range of interest, for many different
combinations of a1, a, and 83. These sets of curves, which are in essence the
result of a parameter study of Eq. (32), are henceforth referred to as "master

' In the process of correlating the test data, the actual G1 and 62
curves obtained from the test data for a specific test sample were first compared
with the "master curves." This yielded approximate values of the quantities a,,
a, and 83 from which to begin the curve-fitting process. Once the approximate
ranges of a;, a, and a, were known, a standard curve-fitting computer pro-

gram was used to select the best possible combination of a, a, and a, which gives

the smallest deviation from the measured data.

Data correlation analyses have been performed to obtain the viscoelastic model con-
stants corresponding to the selected: three-element model. The term "measured curves"
in the plotted results is used to denote those obtained from the reduction of

measured data, whereas the correlated curves are those calculated from a given

set of a5 a, and a,.

A correlation analysis was made with the urethane shear data obtained with no
preload and at 0.001 in. (0.0254 mm) peak-to-peak amplitude. The viscoelastic model
constants are found to be a = 0.0017, a, = 19,000 and a, = 70. Plots of the
correlated and measured complex compliance functions are shown in Figs. 26 and
27. It is seen that the correlation in G1 is good, whereas the correlation in
G2 is not satisfactory. The three-element model chosen is apparently incapable

of correlating the measured G2 curve for this particular test condition.

Similar correlation analyses were made for this test sample for preloads of five
percent and ten percent. The results are shown in Figs. 28 to 31. Again, the
correlation for G1 is generally very good for both cases. The correlation for

G2 at five percent preload is fair, wnile that at ten percent preload is fair to
poor.

Altempts were also made to correlate the urethane shear data at a peak-to-peak ampli-
tude of 0.00l5 in. (0.035 mm) as shown in Figs. 15 & 16. While the correlation for
G1 was acceptable, that for G2 was only fair to poor. It may be remarked here

that the three-element model selected for use in this program very likely pro-
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vides the answer to the disparity between the excellent correlations obtained
for the Gl functions and the fair to cair-to-poor correlations obtained for the
G2 functions. As indicated in Fig. 12, the model possesses two spring el=ments

but on'y one damping element. A more general four-element model should produce

better Gz results,

Figures 32 to 37 are the correlations obtained for the neoprene shear data at
0.001 in. (0.025 mm) peak-to-peak amplitude, no preload, and at 0,003 in,
(0.076) peak-to-peak amplitude, zero percent and five percent preload. It is
seen that they all correlate very well, with-the exception of the G2 data in

Fig. 33 in the range 150 to 500 liz, From the results shown in Figs. 32 through

37, it may be concluded that the three-element viscoelastic moudel is satisfactory

in many respects for neoprene in shear.  Hcwever, the extent of the capability

is apparently somewhat limited, judging from the several cases of poor correla-

tion observed.

The neoprene compression data at 0,001 in. (0.025 mm) peak-to-peak amplitude,
for zero percent and five percent preload, and at 0.0015 in. (0.038 mm) peak-
to-peak amplitude, for zero percent preload were correlated and are shown in
Figs. 38 through 43. The correlations are fairly good except the data at 0.001
in. (0.025 mm) peak-to-peak amplitude, five percent preload.

The viscoelastic model constants are summarized in Table 2, from which some
preliminary trend of the elastomer constants with various parameters can be
drawn. For the urethane shear sample when the preload is increased from 0 to
10 percent, both a; and ag first decrease and then increase, whereas a, first
increases and then levels off. In both the neoprene shear sample and the
neoprene compression sample, as amplitude increases, both ay and a. decrease,

3
whereas a, remains at practically the sane value.

e

R e AN S T B R YRR ER S e B AR B L D e A A 57 TR Tkl R A A T e S M 0 W N e et st A e
e T £ v b Er P £ AN T BN X

A,

z
]
1
]
1
1
1
:
;
1
1
i



b Phea] iy ) ey pa) N BN KR

Maiaid

Coimgar

S
- L

op A

———

sy s
LR

4 e o

ri:&ia; .

B

U R s Bl DR ) e R

—

» i R S “: . v o .‘i
Table 2 Summary of Viscoelastic Model Constants
Amplitude Preload
(peak-to-peak) | (% of Free a
inch (mm) Length) 1 ) a3
§ 0.00L (0.025) 0% 0.0017 19.000 70
£
wv
© 0.00L (0.025) 5% 0.00068 23,000 29
c
2 0.001 (0.025) 10% 0.00122 23,000 49
u
)
0.001 (0.025) 0% 0.0015 15,000 35
o
<
£
7
g 0.003 (0.075) 0% 0.00075 15,400 19.5
9
§ 0.003 (0.075) 5% 0.0006 23,000 20
=
0.001 (0.025) 0% 0.00048 125,000 76
o
¥ o
RN 0.001 (0.025) 5% 0.00047 100,000 98
&
o n
3 o
=g
0.0015 (0.038) 0% 0.00035 125,000 65
43
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DISCUSSION OF RESULTS

The efforts reported herein have verified the basic methods selected for obtaining
elastomer dynamic property material constants. During these efforts, an elastomer
test rig was suecesslully designed, fabricated, assombled and tested. The test
rig utilizes the base-excitation, resonance-mass method, in which the excitation .
is the motion provided by a shaker. The size of the resonance macs attached to

the top of the elastomer sample can be varied in order to achieve desired dynamic -

test conditions oveyr a wide frequency range.

The test rig is able to perform uniaxial tests on elastomer samples of a variety
of sizes and shapes (test specimen envelope is a cylinder five inches high by
five inches in diameter) over a frequency range frnm{about 20-30 Hz to over 1000
Hz. Variable resonance mass, which may be selected to match test elastomer prop-
erties, permits tests at virtually any reasonable dynamic amplitude at the
resonance points, with correspondingly lower amplirudes at off-resonanc condi-
tions. Test amplitudes are limited primarily by eclastomer properties (and of :
course shaker power) rather than by the test rig itself. The test rig, which . :
may be driven by any shaker, permits vibration tests to Le conducted with force

preloads of up to 4100 pounds (18,200 newtons) npblied co the test specimens, and

can be readily adapted for constant temperature tests up to about 400°F (205°C).

During the conduct of the work reported herein, tests were conducted on urethane
and ncoprene elastomer samples in the compression, shear, and combined compres-
sion/shear modes. Each sample was composed of two parallel-mounted circular

discs, each 2 in. (5 c¢m) in diameter by 1/2 in. (1.27 cm) high. Tests were conducted
at room temperature at a number of frequencies between about 25 and 1000 Hz, at
amplituder of up to 0.005 in. (0.127 mm) peak-to-peak, and with compressive pre-
loads of zero, five percent, and ten percent of free length. During dynamic
testing, energy is dissipated in the elastomer sample, causing its temperature

to rise above the ambient. This heating effect is more pronounced in the high :

L]
frequency, large amplitude region. Since it is difficult to measure the temper-
ature inside the body of the test elastomer itself, the temperatures in the H
elastomer mounts adjacent to the bonding surface were measured and recorded =
during the tests. "
-44-
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Amplitudes and phase angles at various locations in the test rig were measured.
From these measured ampltiudes and phase angles, and the frequency, the dynamic
complex compliances were calculated at the test points. This data was then
processed by a correlation analysis, through the use of curve-fitting and a
selected three-element elastomer model, to obtain viscoelastic model constants.
These constants were used tn calculate the dynamic properties. The results were
compared with the measured dynamic properties to determine the qualify of the

correlation.

For the urethane sample under shear and with no preload, the temperature in the
resonance mass elastomer mount was found to be 97°F (36°C) at 0.001 1i... (0.925 mm)
peak-to-peak amplitude at a frequency of 1060 Hz, and 91°F (33°C) at 100 Hz (the
ambient temperature was apbroximately 20°F (32°C)); at a peak-to-peak amplitude of
0.0015 in. (0.038 mm) this temperature was found to be 105°F (40.5°C) at 1000 Hz
and 94°F (3A.§C) at 200 Hz. While elastomer dynamic properties are known to be
temperature dependent, provisions for constant temperature testing were not in-
cludéd in this initial effort because of program limitations. Tt was felt, instead,
that the basic methods involved in obtaining the viscoelastic model constants could
be verifigd without precise control of test temperatures, which were expected to
fall in the ranges actually encourtered. The results obtained fully justify this
initial procedure. It must be remembered that the measured elastomer dynamic
properties obtained in these efforts have this temperature effect, particularly in

the high frequency, high amplitude region.

It should be clearly understood, of course, that viscoelastic model constants
destined for use by the engineering designer must be based upon test data which
has been oStained under constant temperature conditions. For this reason, maximum
flexibility for controlling elastomer test cavity temperature was built into the
test rig at the start. Achievement of this capability requires only additional

components, rather than extensive modifications.

The urethane shear sample gave generally good dynamic mechanical property data.
The correlation in Gl’ the real part of the complex compliance function, was good.
Howevevr, the correlation in GZ’ the imaginary part of the complex compliance func-

tion was not satisfactory. This was probably because the three-element viscoelastic
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model used in the correlation analysis was not sufficient to represent the

particular elastomer material.

The dara obtained for the neoprene shear sample and the neoprene compression
sample were generally satisfactory, except pcrhaps in some isolated cases where
the data showed reverse trends in the low frequency region. While such trends
have apparently been reported in the past, they are not generally accepted as
valid by elastomer technologists. Reasons for the observed trends need clarifica-
tion. Most of the neoprene shear data correlated very well using the same three-

element model as before. The correlation of the neoprene compression data was

also fairly good.

The data obtained from the urethane compression sample were poor because a crack
had developed during the data taking. 1In this sample, one small hole was drilled
along the axis of one of the two circular discs to reach the center so that its
temperature could be directly measured. The specimen apparently failed due to
stress concentration and fatigue. The data was not processed any further after

the crack was discovered.

The data obtained frowm both the urethane and neoprene combined compression-shear
samples showed considerable and apparently inconsistent variation with frequency
over portions of the frequency range of interest. This is probably due to the
test temperature effects mentioned above, which were due primarily to the test
sequence followed for these two samples. The sequence of data taking in the shear
samples and compression samples (first four samples) started with the lowect
amplitude (0.001 in. (0.025 mm) peak-to-peak) with data obtained at various fre-
quency points. Then, data were obtained at the next higher amplitude at various
frequencies. Thus, as far as the 0.001 in. (0.025 mm) amplitude data are con-
cerned, the only inherent temperature effect is that due to the difference in

frequency. This effect is less than that due to difference in amplitude.

The sequence of data taking in the combined compression-shear samples, however,
started with the lowest frequency, at which amplitudes werr varied from lowest
to highest values (0.001 in. to 0.005 in. (0.025 to 0.127 mm)). Testing then

proceeded to the next higher frequency and so on. Thus, the data obtained at

46

Al TR S 2 B G R i o« T AGAE R e e AR T e e B T e b RO ST e

f_’ 3



-

BERT

T et EER

——

——

0.001 in. (0.025 mm) amplitude has, in addition to the heating effect due to
frequency, the heating effect due to amplitude as well. This test sequence must
be avoided in the future unless long temperature stabilization periods are allowed

or unless test temperatures are carcfully controlled.

From the measured data obtained in this progrem it is evident that soine heating
effects are always present during dynamic testing and in actual application of
elastomers. If there is no positive control on the ambient temperature, the

temperature of the elastomer sample will vary depending upon the test frequency
and amplitude. The elsstomer dynamic propertiecs obtained from these tests will
therefore be the properties at various temperatures. Future tests therefore

require vefinement of the test rig to include the capability of controlling the

ambient temperature over a range of temperature levels.

The test vig described above was dcsignad to exhibit small values of tare damping,
primarily in the air cyiinders and their disphragms. While the estimated damping
levels present in the rig were reasonably small relative to the values cslculeted
for the urethane and neoprene samples, it is apparent that such may not be the
case for other eclastomers or sample sizes. Precise incasurement of tare stiffness
and damping levels in the rig, through use of calibrated spring £nd viscous

damper clements is needed to ensure accurate measurement of the properties of low
damping elastomers. Such measurements are best accompanied by calculations
designed to show the effect upon measured elastomer properties of errors in the

values of the test rig tare stiffness and damping.

With regard to the elastouer three-element viscoelastic model, very good correla-
tion was obtained for some elastomer sample test conditions, while results were
less satisfactory for others. It must be recalled that this model, composed of

two spring elements and one damping element, was cnly one of three or four such
models which exist., Other models have different arrdngements; It is anticipated
that a four-element model, with two stiffness and two damping elements, may pro-
vide substantially better correlation of the dissipation chavacteristice while
retaining the demonstrated good qualities of the three-element model with regard

to stiffness properties. Evaluation of several models, using the same set of

test data, will indicate suitability of the various nodels for different elastomers

and different test conditions. It is felt that one model will eventually prove
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to be usable over a wide range of materials and conditions. Such a model inay

'é eventuslly permit incorporation of temperature as a parameter through, perhaps,
i - the use of an additional constant.
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CONCLUSIONS AND RECOMMENDATIONS

The objectives of this program are to catalog elastomer dynamic properties

(stiffness and damping) in terms of a set of viscoelastic model constants, =2uad

to establish practical, designer-criented procedures whereby these constants

P
IR

may be used to predict the dynamic properties for other operating conditions,

The work reported herein was undertaken to verify the basic methods for obtaining
the viscoelastic model constants. Tre results obtained confirm the baslc

approach of the program and the mechanics of cutaloging viscoelastic model con-
staats,

Detailed Conclusions

The following specific conclusions may be drawn.as a result of this work:

1. A survey of published literature indicated that while ba:r 'c elastomer
dynamic property data (stiffness and damping) is rather sparse in
terns of the parameter ranges covered, large volumes cf test data are
available for specific elastomer devices. Viscoelastic analytical

procedures for predicting dynamic properties for gencral elastomer

shapes and operating conditioas are not yet available in the litera-

ture, It is concluded that a very real need exists for substantial

quantities of the designer-orierted data this program is to provide.

sy
g

No test apparatus was available prior to this effort for obtaining

elastomer dynamic test data over the range of frequencies, amplitudes,

| oot/

and preloads expected to be encountered in typical engineering applica-

-

AR T SR AT TGRS AT A e, Gt

tions. Therefore, a test rig, utilizing the base-excitation, rescuance-

- p mass approach, was designed, built and saccessfully used to obtain 1

B H elastorer data. Based upon the range of tests conducted, it must be :

; - concluded that the test rig which now exists is fully capable of f

: N performing uniaxial testing of large elastomer specimens or devices at :

{ . virtually any desired combination of amplitude, ffequency, and preload. i
; However, the success of this programmatic approach rests on the accuracy

s atim 1
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and sufficiency of the test data, and hence on the performance of the
test rig. Tt is further concluded, . therefore, that several test rig
and instrumentation system refinecments are required in order that the

full capability of the test rig may be utilized,

3. The data reduction and correlation procedur2s and techniques developed
during this effort proved effective in the calculation of stiffness and
damping properties from test data, and for the extraction of visco-

elastic model constants through curve fitting,

4, With regard to the clastomer.dynamic model, it is concluded that the
. three-element model investigated possesses only limited value for use
\ in cataloging viscoelastic model constants for elastomers. This con-
clusion is based upon the relative inability of the constants thus
obtained to reproduce tne energy dissipation (damping) properties of
the elastomers studied. It must be' noted, however, that the model

used yielded reasonablv good results for the energy storage (stiffness)
properties.

It is concluded, therefore, that the reilatively simple three-element
i model has served its purpose.of assisting in the verification of the
basic methods to be used for obtaining viscoelastic model constants,

R and that a more complete model must be used in the future.

¥ 5. Based upon the extreme variability of elastomer dynamic properties
¥ with changes. in.temperature, it is concluded that Ffuture evaluation of
£ more complcx elastomer models should be conducted in a constant temper~

ature environment, achieved through test rig refinements, and that

future tests.should be conducted on a material which is relatively

: i
& insensitive to changes in temperature. It is further concluded that {
P
v the effects. of temperature must ultimately be included in the elastomer l
-
L analytical model, perhaps through the use of one or more material con-
{
; stants.
3
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Recommendations

The following specific recommendations are made as a result of this work:

1. Existing test data should be used to evaluate the utility of several

additional elastomer dynamic models.

2. The test rig and instrumentation system should be refined to permit

constant temperature testing. Refinements should include:

a) Provision for simplification of test startup and shutdown procedures
to eliminate possible overstressing of resonance-mass gulde spokes

due to startup transients;

b) Provision for insulating and. heating of the elastomer test cavity,

and for test temperature control;

c) Provision for precise measurement of test rig tare stiffness and

damping;

d) Calculations of the sensitivity of measured results to errors in

o

test rig inherent stiffness, damping, and mass, and evaluation of \

the possible need for statistical controls of experimencal data. -

3. The elastomer mounting arrangements should be modified to permit com-
pression testing of specimens with larger length-to-diameter ratios and
to eliminate the possibility of nonaxial motions during high-frequency
resonance test conditions i{n which the guided, external res:n2zce mass

is not used.

4. Tests on elastomers which are relatively insensitive to temperature
changes should be performed under carefully controlled test tempera- !
ture conditions to yield high-confidence, elastomer uniaxial dynamic

propertics.

5. Elastomer uniaxial dynamic properties should be used to develop,
practical, designer-oriented prediction techniques for more general

dynamic loading conditions. Such techniques should be verified through

5 |

tests.
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L 6. Catalogs of viscoelastic model constants should be prepared for commonly-
o used elastomers. It may prove beneficial, further, to reduce the number
. of groups of material constants.which: must be cataloged through develop-
b ment of functional relationships with operating parameters or through

‘L corresponding increases in the number of material constants.
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APPENDIX I

CALCULATION OF AIR CYLINDER STIFFNESS

For an air cylinder of area A and height L, the air volume is V = AL and the
force on the piston is

F = p A (36)

where p 1s the air pressure (gage).

When the piston is moved in the direction to further compress the air, the pres-
sure inside the cylinder will incresse. Consequently, the force F will also in-

crease, This increment of force corresponds to a stiffness of the air cylinder.

If the air inside the cylinder is assumed to be at a constant temperature, then

from thermodynamics: ,

PV = constant

Differentiation yields:

or

-2 a =B 3
dp -‘ VdV LdL Gn
From Eqs. (36)and (37),

df-Adp--A—LgdL

By definition, the air cylinder sciifress 1g the force increment per unit decrement

of air cylinder height. Thus,

k - 4E éiﬂ :
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SYMBOLS
elastomeric constants
defined in Eq. (13)
acceleration of shake table, in./sec2
acceleration of resonant mass, in./sec?
acceleraticn of foundation, in./sec?
damping coefficient, 1b-sec/in.
elastomer damping coefficient, 1b-sec/in.
Ce + CI,
defined in Eq. (13)
frequency, Hz
force, 1b
complex compliance function, in./lb
real and imaginary parts of G, in./Ib
stiffness, 1b/in.
eiastomer stiffness, 1b/in.
ke + kz
mass, lb-seczlin.
displacement, in.
displacement of shake table, in,
displacement of resonant mass, in.
displacement of foundaticm, in.
#mplitude of displacemenc x, in.
time, sec
elaétomer mechanical impedence = ke + iwce

displacement, in.
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L =

phase angle, radians

w frequency, radians/sec
Superscripts

O) denotes amplitude of ( )

(') denotes time-derivative of ( )

Subscripts

1 shake table
FoS 2 resonant mass
E % § e elastomer specinmen
% i R £ shaker body |
? - £ lower air cylinder ;
% | } u upper air cylinder %
; ;
-
' K ;

:
R ;
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Phase Angle

Scanner (Channel Amplitude Signal
Channel 3 Ref.) Signal Identification
(1) 2) (3) %)

] [
3 000000 0000.80° 00231 Mass amplitude

2 000000 0169 .10° 01520 Table amplitude

1 000000 0020 .00°2 01695 X, = X))

200 Hz
(5)

NOTES: (1) Printout occurred in 1-2-3 gequence,

(2) Phase angle was measured with Channel 3 (mass amplitude signal)
es reference. The first reading of 0.8° indicates inherent
instrument inaccuracy. Readings of tenth3 of degrees were ignored
for data evaluation. The second rcading of 169.1° is the desired
phase angle between mass and table amplitude signals. The third
reading from the top (-canner channel 1) is of no interest here,
since it indicates the angle between signals (X2 - X]) and the
mass amplitude signal.

(3) Individual calibration factors spply.

(4) Mass amplitude and table amplitude signals were either accelerometer
or displacement probe signals as noted at beginning of test.

(5) Shake table frequency was recorded by hand for each data point.

reebi o v e e

S et

Fig; 8 Data Printout Sample
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